ABSTRACT. A parametric model is presented for the fatigue behaviour of a T800/5245 carbon fibre laminate in terms of a normalized Goodman diagram relating the alternating and mean components of stress for various R ratios. The model describes the complete fatigue life behaviour of a given composite family.
INTRODUCTION.
When fatigue data for fibre reinforced plastic composites are represented on a Goodman, or constant life, diagram, the appearance of the plot is characteristically asymmetrico-e because the compression strength of a composite is usually lower than its tensile strength and the damage mechanisms that occur in compression are different from those which occur in tension. The constant life lines on such a diagram are rarely linear, and the peak value of the alternating stress component, 0alt (= Ih(omax -0min), occurs at a positive level of mean stress, am (= Ih(omax + 0min), rather than at am = O.
In earlier work on unidirectional carbon /Kevlar /epoxy hybrid compositese-» we developed a parametric relationship between 0alt and am based upon a function of the form:
where f is a material parameter, a is a normalized alternating stress component (Oalt / at), m is a normalized mean stress component (am /Ot), c is the normalized compression strength (oc/Ot), and at is the tensile strength. The effect of the normalizations is to eliminate differences in behaviour due to hybrid composition and fibre volume fraction differences, and as a result it was possible to show that a single curve on the Goodman diagram represented stress/life data for the whole hybrid family for a given life. The function was then used to generate a family of S /logN f curves that matched the experimental curves reasonably well In more recent work on a modern aerospace laminate based on the Toray intermediate modulus carbon fibre, T800, in Narmco 5245 resin, it became apparent that the simple function of equation I did not adequately fit the experimental data This note describes our attempt to modify the simple model so as to render it more generally useful.
LIFE PREDICTION MODEL.
Replicate fatigue tests have been carried out on a [(±45,02)2]S laminate in axial tension and compression under load control at a frequency of 5Hz and at R ratios of +0.1, -0.3, -1.0, -1.5 and +10. The stress/median life curves derived from these tests are shown in figure 1 and the normalized Goodman diagram obtained from the full data sets for lives of 1()4 and 1()6 cycles is shown in figure 2 . The data points and error bars on the left hand axis of figure 1 (at N, = one half cycle) represent the monotonic tensile and compression strengths of the laminate, and the error bars on figure 2 represent the full vertical spread of the fatigue test data at the lives indicated It can be seen from Mean stress parameter. m -a.,la. ... 
If a fatigue test is conducted at a particular set of mean and alternating stresses and the life is measured we obtain values of m, a and N. Some form of interpolation is necessary to present constant life lines for specific lives, eg 104 and lQ6 cycles, as shown in figure 2 . These curves show a symmetry similar to that of the quasi-static properties, with a maximum value of a at the same offset axis, m = Ih(1 -c). As we have said, our earlier results fitted a simple parabolic form for a particular life (equation 1) but for the more recent data the tendency was for a to reduce more rapidly as m moved away from the mean line, and a bell-shaped curve seems more appropriate. There is no suggestion that any particular aspect of the fatigue behaviour leads to this conclusion, other than the deleterious effect of mean stress as it changes from the optimum value, In either sense. The 45 0 lines through the origin correspond to zero-tension and zero-compression cycling (R = +10 and R = +0. I) and the detrimental effect of compressive stress is clearly seen.
The advantage of the common parabolic form of the curve fit is that f is a direct function of the number of cycles to failure and if, for example,
then the complete fatigue environment is contained in the equation:
where f o is the value of f when N = I, a hypothetical monotonic strength value. Also the value of f is defined immediately for each test condition (m,a) allowing the f /logN f data to be easily examined and analysed. For example, let:
As for equation I, a = 0 when m = I or -c. To analyse the data it is necessary to represent interpolated results from the fatigue curves which plot maximum stress against log (number of cycles to failure) for various minimum-to-maximum stress ratios. For a best fit analysis to the data for 104 and 1{)6 cycles given in figure 2, we rewrite equation 4:
This linearizes the expression and the best plane through the modified data loga, log( Im),log(c + m) will give the values of the logarithm of the factor f and the indices x and y. We now let loga = p, 10g(1 -m) = q, log(c + m) = r, logf = s. For n data pairs the best fit is defined by the equations:
Results of the analysis are given in the following The near equality of x and y confirm the symmetry of the data about the ordinate m = Ih( I -c) and the values of f are close to the average of 2.0. Thus, we now let:
Each experimental data pair corresponds to a test with specific values of a, m and c, and hence also to a specific value of x. The variation of x with log(median N f ) for the T800/5245 laminate is shown in figure 3 . The trend is good at higher N f , but below lives of about 1000 cycles the results are less favourable because at such short times the fatigue conditions overlap the scatter-bands for monotonic strength. The best-fit line to those data for which N, > 1()3 is:
for which the correlation coefficient is 0.937. For 20 degrees of freedom, r is only 0.652 at the 99.9 % probability level, and the correlation is thus highly significant The combination of equations 6 and 7 expresses the complete stress /life environment for this material If N = I is regarded as a quasi-static limit, ie 10gN f = 0, then a value of x = 1.48 gives a one-cycle line outside the static limit lines through point B on the constant life diagram. This can be rectified by using the tangent line with x = 2.45, as shown, which produces a lower bound to the x versus 10gN f line, or truncating by eye, as in figure 3 . For lives of lQ4 and 1()6 cycles, the regression equation 7 predicts values of x of 3.00 and 3.76, respectively, and it can be seen from figure 3 that these are in fair agreement with the exponents obtained by curve fitting to the complete data sets for the same two lifetimes, viz 3.15 and 3.95, respectively. Equations 6 and 7 may be used to generate design data either as a sequence of stress/life curves for given R ratios or, as in the example given in figure 4 , as a family of constant life curves intersecting specific R value lines from which design data may be read.
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